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Abstract
The 14-3-3 proteins were the first phosphoserine/phosphothreonine-binding proteins to be
discovered, a finding that provided the foundation for their prominent role in cell signaling. 14-3-3
family members interact with a wide spectrum of proteins including transcription factors,
biosynthetic enzymes, cytoskeletal proteins, signaling molecules, apoptosis factors, and tumor
suppressors. The interaction with 14-3-3 can have a profound effect on a target protein, altering its
localization, stability, conformation, phosphorylation state, activity, and/or molecular interactions.
Thus, by modulating the function of a diverse array of binding partners, 14-3-3 proteins have
become key regulatory components in many vital cellular processes – processes that are crucial for
normal growth and development and that often become dysregulated in human cancer. This review
will examine the recent advances that further elucidate the role of 14-3-3 proteins in normal
growth and cancer signaling with a particular emphasis on the signaling pathways that impact cell
proliferation, cell migration, and epithelial-to-mesenchymal transition.
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1. Introduction
The phosphorylation and dephosphorylation of proteins is a key mechanism mediating
cellular signal transduction. The 14-3-3 proteins are specific phosphoserine/
phosphothreonine (pS/T) binding proteins and they have been tightly integrated into the
phospho-regulatory signaling pathways that control many biological processes, including
cell cycle regulation, protein trafficking, metabolic regulation, cell proliferation, and
apoptosis (reviewed in [1]). There are seven mammalian 14-3-3 family members (β, γ, ε, σ,
ζ, τ, η), all of which adopt a similar horseshoe-like structure capable of binding pS/T
residues in a sequence specific context (RSXpS/TXP - mode 1 and RXXXpSXP - mode 2).
It is important to note, however, that not all phosphorylation-dependent sites conform to
these motifs and not all interactions are phosphorylation-dependent.

The 14-3-3 proteins exist as dimers in cells, forming homo and heterodimers. Each molecule
in the dimer contains an independent ligand-binding channel and, as a result, a dimer can
bind two pS/T sites simultaneously, found either on a single target or on separate binding
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partners [2]. Binding of a 14-3-3 dimer can alter the conformation of a target protein,
mediate or prevent protein interactions, mask intrinsic localization motifs, and/or block the
accessibility of a target protein to modifying enzymes such as kinases, phosphatases, or
proteases. In this way, 14-3-3 binding interactions can regulate the function of a wide
spectrum of proteins with diverse biological activities.

In this review, we will focus on the new developments that further elucidate the role of
14-3-3 in signaling pathways and cellular processes relevant to normal cell growth and
tumorigenesis. In particular, we will give an update on the function and regulation of 14-3-3
binding interactions in pathways that control cell proliferation. We will also discuss recent
reports that expand the function of 14-3-3 in cell migration and epithelial-to-mesenchymal
transition (EMT), two processes contributing to cancer progression. Finally, we will
examine recent studies evaluating the clinical significance of 14-3-3 proteins to human
cancer.

2. 14-3-3 and cell proliferation: an update
2.1. Function and regulation of 14-3-3 binding interactions in RTK/Ras signaling

Unregulated cell proliferation is an early step in tumorigenesis, and the first indication that
the 14-3-3 proteins would play a prominent role in cell proliferation came with the discovery
in 1994 that they interacted with various proteins that had oncogenic potential, including
members of the Raf kinase family [3]. Normal cell proliferation is often initiated by cell
surface receptor tyrosine kinases (RTKs), and the Raf proteins are key signaling
intermediates in RTK pathways, functioning as direct effectors of the Ras GTPase to
promote signaling through the ERK casade. The role that 14-3-3 binding plays in Raf
regulation is complex, due largely to the fact that all Raf family members contain at least
two phosphorylation-dependent 14-3-3 binding sites and binding at different sites can have
varying effects (reviewed in [4]; Fig. 1). All Raf proteins contain a 14-3-3 binding site in the
N-terminal serine/threonine rich region and a site following the C-terminal catalytic domain.
In the absence of signaling events, inactive Raf monomers are retained in the cytosol by the
binding of a 14-3-3 dimer to both the Raf N- and C-terminal sites. Binding of 14-3-3 to the
N-terminal site plays a critical role in inhibiting Raf signaling as mutations that prevent this
interaction lead to constitutive membrane localization and Raf activation. However, during
the Raf activation process, 14-3-3 serves a positive regulatory role and is required for the
dimerization of the Raf kinases that is needed for catalytic activation. In this case, 14-3-3
binding to the N-terminal site is disrupted by dephosphorylation, and in the context of Ras-
dependent clustering at the membrane, the 14-3-3 dimer can contact two Raf proteins
simultaneously through their C-terminal sites, thus facilitating Raf dimerization [5-7].

Not only are the Raf kinases critical components of normal cellular proliferation, they can
promote aberrant cell proliferation when activated by mutation. Somatic mutations in the B-
Raf kinase are often observed in human cancer [8], and genetic mutations in either B-Raf or
C-Raf can cause certain developmental disorders, including Noonan, LEOPARD, and
cardio-facio-cutaneous syndromes [9]. Mutationally-activated Raf proteins dimerize
constitutively in a manner that does not require the interaction with Ras, but is still
dependent on 14-3-3 binding to the C-terminal site [5, 7](Fig. 1). Although Raf dimerization
has little effect on the most prevalent V600E B-Raf mutant that has high enzymatic activity,
it is required for the full proliferative potential of Raf mutants with moderate to low
enzymatic activity [7]. Further demonstrating the importance of 14-3-3 in Raf regulation,
residues critical for 14-3-3 binding to the N-terminal, negative regulatory site constitute a
mutational “hot spot” for Noonan and LEOPARD syndrome patients with genomic
mutations in C-Raf and represent one of the few somatic muations in C-Raf that has been
implicated in human cancer [9, 10].
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Another critical effector of RTK/Ras signaling is the PI3K/PDK/AKT cascade, and a prime
reason for why the 14-3-3 proteins have been so tightly integrated into RTK/Ras signaling is
the fact that AKT is a key kinase that generates 14-3-3 binding sites on a diverse array of
target proteins [11]. Research in the last five years has continued to identify new AKT
substrates that are regulated by 14-3-3 binding, two of which are particularly relevant to
cancer signaling, Skp-2 and PACS-2. Skp-2 is a component of the SCF ubiquitin ligase
complex that targets critical cell-cycle regulators, including the CDK inhibitor p27. In 2009,
two reports identified AKT as a kinase that phosphorylates Skp-2 on S72 [12, 13]. AKT-
dependent phosphorylation of S72 was shown to regulate the SCF-Skp-2 complex through
multiple mechanisms, with binding of 14-3-3 to pS72 serving to relocalize Skp-2 from the
nucleus to the cytoplasm. Interestingly, the work of Lin et al. [12] suggests a specific
function for cytosolic Skp-2 in the positive regulation of cell migration, through a
mechanism that is yet to be determined.

PACS-2 is a multifunctional sorting molecule that acts as both a secretory pathway
trafficking protein and as a pro-apoptotic protein that mediates the translocation of Bid to
the mitochondria in response to apoptotic inducers such as TRAIL [14]. In work conducted
by Aslan and coworkers [15], AKT was found to phosphorylate PACS-2 on S437 and
binding of 14-3-3 to this site repressed PACS-2's pro-apoptotic activity and was required for
PACS-2 to mediate trafficking of membrane cargo. This study also reported that TRAIL-
mediated apoptosis is dependent on PACS-2 expression and that activation of the TRAIL
receptor induces the dephosphorylation of pS437, releasing 14-3-3 and switching PACS-2 to
its pro-apoptotic function. Because binding of TRAIL to the apoptotic DR4 and DR5
receptors selectively kills cancerous and virus-infected cells in vivo without harming healthy
cells, there has been much interest in the therapeutic potential of TRAIL. Interestingly,
PACS-2 expression is lost in ∼50% of colorectal cancers [16], and Aslan et al. suggest that
loss of PACS-2 expression may serve as a biomarker for TRAIL-resistant cancer.

Activation of the PI3K/PDK/AKT cascade is also required for the 14-3-3-dependent
regulation of the Gab2 docking protein [17]. Gab2 binds select signal transducers involved
in cell proliferation and cell migration, and its overexpression in several human
malignancies is associated with increased metastatic potential [18]. Gab2 is recruited to
specific receptor complexes via an interaction with the Grb2 adaptor, and studies by
Brummer and coworkers [17] have found that 14-3-3 binding attenuates Gab2 signaling by
promoting disassembly of the Gab2/Grb2 complex. 14-3-3 binding was mediated by pS210
and pT391 of Gab2, and phosphorylation of these sites was blocked when signaling through
the PI3K/PDK/AKT cascade was inhibited. Interestingly, this negative feedback mechanism
appears to be specific for Gab2 in that the 14-3-3 binding motifs are not conserved in the
closely related Gab1 and Gab3 docking proteins.

Recent research has also identified a new mechanism that regulates AKT-dependent 14-3-3
binding interactions. This mechanism involves the methylation of arginine residues in the
AKT consensus phosphorylation motif (RxRxxS). As reported by the laboratory of Dr.
Akiyoshi Fukamizu, arginine methylation can disrupt AKT-mediated phosphorylation of the
FOXO transcription factors and the Bad apoptosis regulator, thus preventing 14-3-3 binding
to important functional sites [19, 20]. Whether this regulatory mechanism impacts other
AKT substrates and the extent to which crosstalk between arginine methylation and
phosphorylation occurs in vivo awaits further investigation.

2.2 New regulators of 14-3-3 binding interactions in the Hippo Pathway
Another pathway to emerge as a critical regulator of cell proliferation is the Hippo pathway.
This pathway was discovered in Drosophila and contributes to organ size control and tumor
suppression by restricting proliferation and promoting apoptosis (for a review see [21]).
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During canonical Hippo signaling, activation of a kinase cascade results in the
phosphorylation of the transcriptional coactivators YAP and TAZ on sites that bind 14-3-3
(Fig. 2A). 14-3-3 binding inactivates the pro-proliferative function of YAP/TAZ by
sequestering them in the cytosol, thus preventing their interaction with the TEAD
transcription factors. In 2011, additional proteins involved in regulating the binding of
14-3-3 to these transcriptional coactivators were reported. In particular, the work by
Schlegelmilch and coworkers [22] identified a new mechanism for modulating 14-3-3
binding to YAP1 that is distinct from the canonical phosphorylation cascade (Fig. 2B).
During studies investigating epidermal growth, activation of YAP1 was found to promote
the proliferation of epidermal stem and progenitor cells in a manner dependent on the TEAD
transcription factors. As expected, regulation of YAP1 localization and activity was critical
for maintaining normal skin homeostasis, but surprisingly did not require the canonical
kinase components of the Hippo pathway. To identify alternative upstream regulators, mass
spectrometry analysis was performed on YAP1 protein complexes isolated from high-
density skin culture cells predicted to contain high levels of inactive YAP1. This analysis
revealed that α-catenin was a primary binding partner of inactive YAP. Interestingly, the
interaction between α-catenin and YAP1 was not direct but required binding of 14-3-3 to the
YAP1 pS127 site. Further examination revealed that the phosphorylation state of the YAP
pS127 site was reduced in α-catenin depleted cells and that YAP1 selectively interacted with
the catalytic subunit of PP2A in cells depleted of α-catenin, but not in those containing α-
catenin. Schlegelmilch and colleagues go on to show that binding of α-catenin to the 14-3-3/
YAP1 complex protects the YAP1 pS127 site from dephosphorylation mediated by PP2A,
thus stabilizing the YAP1/14-3-3 interaction. In this mode of regulation, α-catenin, a critical
and unique component of density-dependent cell-cell junctions, acts as a cell density sensor
to inactivate YAP1 and prevent its entry into the nucleus.

In a second report, nephrophthisis protein 4 (NPHP4), a known cilia-associated protein, was
identified as a negative regulator of 14-3-3 binding interactions in the canonical Hippo
pathway [23] (Fig. 2A). Mutations in NPHP4, as well as the ten other nephrophthisis
proteins (NPHPs), are associated with a progressive tubulo-interstitial kidney disorder
known as nephrophthisis (NPH) [24]. Because mice null for the Hippo transcriptional
coactivator TAZ develop a degenerative cystic kidney disease similar to NHP [25] and given
that small kidney size is the most striking clinical features of patients with NPH [24],
Habbig and coworkers [23] conducted studies to determine whether any of the NPHPs might
regulate Hippo signaling. Through coimmunoprecipitation experiments, NPHP4 was found
to specifically interact with Lats1, a kinase that generates 14-3-3 binding sites on TAZ/YAP
in the canonical Hippo pathway. Focusing specifically on the TAZ coactivator, binding of
NPHP4 to Lats1 was found to prevent Lats1 from interacting with and phosphorylating TAZ
on the 14-3-3 docking site. As a result, TAZ accumulated in the nucleus. These findings
indicate a pro-proliferative function for NPHP4, serving as an inhibitor of the canonical
Hippo pathway by inducing TAZ/YAP activation. In terms of NPH, Habbig and colleagues
speculate that loss of function mutations in NPHP4 may lead to insufficient TAZ/YAP-
dependent proliferative signaling and contribute to the small kidney phenotype observed in
NPH patients. Further studies will be required to determine if this is indeed the case and to
further evaluate the importance of NPHP4 to Hippo signaling in vivo.

3. 14-3-3 and cell migration: role in regulating the actin cytoskeleton
In cancer progression, a key property of metastatic tumor cells is the ability to migrate, and
the first step in cell migration involves remodeling of the actin cytoskeletion. The dynamic
remodeling processes occurring at the leading edge of migrating cells are controlled by a
complex temporal and spatial interplay between Rho family GTPases, protein kinases, and
protein phosphatases. In the last few years, a growing number of proteins involved in actin
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remodeling have been identified as 14-3-3 binding partners (Fig. 3), and protein kinase D
has emerged as a kinase that generates 14-3-3 binding sites on several of these targets. One
in this group is the cofilin regulator, slingshot 1-like (SSH1L). Cofilin plays an important
role in actin remodeling by binding filamentous actin (F-actin) and severing actin filaments
to generate free barbed ends [26]. Phosphorylation of cofilin on S3 disrupts its ability to
bind and sever F-actin, whereas dephosphorylation of pS3 by the slingshot phosphatases
activates cofilin [27]. Notably, the phosphatase activity of SSH1L is itself activated by F-
actin binding, and the ability of SSH1L to interact with F-actin is inhibited by the
association of SSH1L with 14-3-3 [28].

In 2009, two groups reported the identification of PKD as an F-actin-associated kinase that
regulates the SSH1L/14-3-3 interaction [29, 30]. PKD was found to colocalize with SSH1L
in F-actin-rich membrane structures, and in response to RhoA activation, phosphorylate
SSH1L on S978 in its predicted F-actin binding region. Docking of 14-3-3 to pS978
relocalized SSH1L to the cytosol, thus sequestering SSH1L from both its activator F-actin
and substrate cofilin. PKD-depletion and overexpression studies were conducted by both
groups to demonstrate that PKD was the relevant pS978 kinase and that changes in SSH1L
phosphorylation and localization had a direct effect on the phosphorylation state of cofilin.
Further demonstrating the functional significance of these findings, overexpression of
constitutively active PKD was found to block the migration of breast tumor cells, whereas
depletion of PKD or overexpression of kinase-inactive PKD enhanced tumor cell migration.

The actin regulatory protein, cortactin, is another recently identified PKD substrate that is
regulated by 14-3-3 binding [31]. Cortactin is an F-actin-binding protein enriched in
dynamic actin structures such as membrane ruffles, lamellipodia of migrating cells, and
invadipodia of invasive cancer cells [32]. Cortactin interacts with the Arp2/3 complex and,
in conjunction with nucleation promoting factors such as WAVE2, functions to enhance
actin polymerization rates [32]. PKD-mediated phosphorylation of cortactin on S298
generates a 14-3-3 docking motif, and as with SSH1L, this event appears to negatively
regulate cortactin function. More specifically, Eiseler and coworkers [31] found that a
phosphorylation-deficient cortactin mutant (S298A-Cortactin) had enhanced biological
activity when examined in assays evaluating Wave2-Arp-driven actin polymerization,
lamellipodia extension, and directed tumor cell migration.

14-3-3 has also been identified as a regulator of IRSp53, another molecule that plays a role
in actin regulation. IRSp53 contains multiple protein interaction domains and acts as a
signaling platform to connect the Cdc42 and Rac GTPases to downstream actin regulatory
proteins [33]. Previous proteomic studies had isolated IRSp53 as a 14-3-3 binding partner
[34], and recently, two reports have found that 14-3-3 binding modulates IRSp53
localization and function by controlling critical protein interactions [35, 36]. In the context
of filopodium dynamics, Robens and colleagues [36] found that 14-3-3 docked to pT340 and
pT360 located between two domains critical for IRSp53 function, the CRIB and SH3
domains. The kinase(s) that generates these sites was not determined; however, docking of
14-3-3 was found to block the accessibility of these domains and terminate IRSp53
signaling. In a second study, Cohen and coworkers identified IRSp53 as a substrate of the
Par1b kinase and found that IRSp53 was critical for Par1b function in regulating basal actin
organization and lumen polarity in epithelial cells. Par1b directly and indirectly induced the
phosphorylation of IRSp53 on sites flanking the SH3 domain that bind 14-3-3 (S366 and
S453/4/5). Although these binding sites are different from those reported in the preceding
study, recruitment of 14-3-3 was again found to mask the IRSp53 SH3 domain and to
disrupt docking of effectors that regulate actin polymerization. Notably, for all the proteins
discussed, 14-3-3 binding acts to negatively regulate their function in actin remodeling.
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4. 14-3-3 and EMT: implications for cancer progression
The transition of cells from an epithelial-to-mesenchymal phenotype (known as EMT)
normally occurs during embryo development, and it is another biological process that
contributes to cancer progression [37]. During EMT, epithelial cells acquire properties of
mesenchymal cells, which include changes in morphology, loss of cell polarity, the
expression of mesenchymal markers, and the ability to invade and migrate. As a result, a
fundamental feature of EMT is the downregulation of E-cadherin and other cell adhesion
molecules that inhibit cell motility. The Snail transcriptional repressor functions as a master
regulator of EMT events and directly regulates genes affecting cell adhesion, motility, and
polarity [38]. In 2010, two groups identified 14-3-3 as a new regulator of Snail [39, 40]. By
sequence scanning, Hou and coworkers [40] observed two putative phosphorylation-
dependent 14-3-3 binding motifs in Snail (S11 and T177), and in coexpression assays, Snail
was shown to bind select 14-3-3 family members (γ, ε, η, and τ). While the phosphorylation
state of S11 or T177 was not examined in this study, mutation of T177 disrupted 14-3-3
binding, whereas mutation of S11 had little effect. Further analysis revealed that Snail
mutants unable to bind 14-3-3 at T177 were impaired in their ability to repress E-cadherin
transcription and to induce EMT and cell migration when overexpressed in MCF10A cells.
Hou et al. also found that the Snail co-repressor Ajuba interacted with 14-3-3 proteins and
that both Ajuba and 14-3-3 proteins could be detected at the endogenous E-cadherin
promoter in a Snail-dependent manner. These results implicate 14-3-3 as a positive regulator
of Snail and suggest that 14-3-3 binding to the C-terminal T177 site may either stabilize the
Snail repression complex and/or direct Snail complexes to chromatin (Fig. 4A).

In a second study, Du and coworkers [39] identified Snail as a substrate of PKD, with PKD
phosphorylating Snail on S11 in the N-terminal repression domain. To determine the
relevance of S11 phosphorylation, Du et al. examined the intracellular localization of WT
and S11A Snail when the proteins were overexpressed with various 14-3-3 family members
and activated or kinase-inactive PKD. Results from these experiments suggest that S11
phosphorylation and binding of 14-3-3σ to this site sequesters Snail in the cytosol, thus
inhibiting Snail's function as a transciptional repressor (Fig. 4B). Although this role for
14-3-3 binding appears to contradict the findings of the preceding study, it is possible that
binding of 14-3-3 to specific Snail sites may elicit different effects. Taken together, these
reports provide the framework for future studies that carefully analyze the phophorylation
state of endogenous Snail to determine which sites are phosphorylated/dephosphorylated
under conditions that induce EMT.

A role for 14-3-3 as a regulator of EMT has also been revealed in studies investigating the
function of ErbB2 in breast cancer progression. Both clinical and experimental data indicate
that increased expression of ErbB2 contributes to breast tumorigenesis; however, its
overexpression alone is insufficient to promote invasive, metastatic disease [41]. In 2009,
work from Dr. Dihua Yu's laboratory [42] identified 14-3-3ζ as a “second hit” that when
overexpressed with ErbB2, increased the risk that a non-invasive ductal carcinoma in situ
(DCIS) will progress to invasive breast cancer (IBC). In experiments examining the cellular
processes altered by ErbB2 and 14-3-3ζ overexpression, Lu et al. found that overexpression
of ErbB2 increased cell migration in a manner involving activation of the Src tyrosine
kinase, whereas overexpression of 14-3-3ζ reduced cell-cell adhesion by promoting EMT.
Collectively, overexpression of both proteins increased the invasive properties of normal
mammary epithelial cells, as evidenced by loss of basement membrane integrity and
movement of cells from acini into the culture matrix. Further investigation revealed that
14-3-3ζ exerted its effects through a pathway involving TGFβ/SMADs and the
transcriptional repressor ZFHX1B, which like the Snail repressor downregulates E-cadherin
and other cell adhesion molecules (Fig. 4C). More specifically, 14-3-3ζ was found to bind
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the TGFβ receptor I (TβRI) and inhibit its ubquitination and degredation by the proteosomal
pathway, thus increasing receptor levels and elevating TGFβ/SMAD signaling. In turn,
increased TGFβ/SMAD pathway activation resulted in the upregulation of transcriptional
repressor ZFHX1B. Analysis of patient samples further indicated that 14-3-3ζ
overexpression correlated with increased TβRI levels and reduced expression of E-cadherin
in both DCIS and IBC. Importantly, patients whose breast tumors overexpressed both ErbB2
and 14-3-3ζ were found to have higher rates of metastatic recurrence and death than those
whose tumors overexpressed only ErbB2 or 14-3-3ζ [43]. More recently, work from this
group has also found that 14-3-3 overexpression in breast tumors correlates with increased
levels of activated AKT. Their findings suggest that in addition to its effects on EMT,
14-3-3ζ may impact AKT activation and tumor cell survival by binding the p85 subunit of
PI3K and increasing the membrane localization and signaling activity of PI3K [44].

5. 14-3-3 proteins: clinical significance to human cancer
As the understanding of 14-3-3 function grows and the analysis of patient tumors increases,
the clinical significance of 14-3-3 proteins to human cancer has begun to emerge. To date,
the two family members that have been most implicated in cancer processes are 14-3-3σ and
14-3-3ζ. 14-3-3σ is unique among the 14-3-3 proteins in that it is expressed primarily in
epithelial cells and forms homodimers almost exclusively [45]. For many years, 14-3-3σ has
been considered a tumor suppressor due to its positive role in regulating p53 and in
mediating a G2/M checkpoint following DNA damage. In addition, the down-regulation of
14-3-3σ has been observed in numerous cancers of epithelial origin, including lung
carcinomas and most primary breast cancers (Reviewed in[46]). Recently, Dr. William
Muller's lab has reported that in the context of breast tumors overexpressing ErbB2, 14-3-3σ
plays a critical role in maintaining cell polarity and that its loss may contribute to disease
progression [47]. However, despite these findings, other studies have reported that 14-3-3σ
overexpression correlates with and may predict poor prognosis of colorectal, prostate, and
pancreatic cancers, and that its expression may contribute to resistance to DNA-damaging
drugs in some tumor types [46]. Thus, the role of 14-3-3σ as a “general” tumor suppressor in
human cancer has been brought into question, and more research is needed to investigate its
function in specific cancer types.

In contrast to 14-3-3σ, 14-3-3ζ is a ubiquitously expressed 14-3-3 family member that has
been implicated to have oncogenic potential through its interaction with target proteins
involved in cancer initiation (Rafs, p85PI3K, Bad, FOXO transcription factors) as well as
cancer progression (Snail, TβRI). Elevated expression of 14-3-3ζ has been observed in a
variety of tumor types, and studies now indicate that 14-3-3ζ over-expression may be a
marker for disease recurrence and poor survival in patients with breast cancer, head-and-
neck/oral squamous cell carcinomas, and non-small cell lung carcimomas [48]. Elevated
levels of 14-3-3ζ have also been linked to drug resistance to certain anticancer therapies,
including tamoxifen treatment. Tamoxifen has been found to upregulate the expression of
14-3-3ζ in estrogen receptor (ER)-positive breast cancer lines, and high expression of 14-3-3
in primary breast tumors correlates with a poor clinical outcome [49]. Recent work by
Bergamaschi and Katzenllenbourgen [50] has revealed that tamoxifen, but not other
selective ER modulators, downregulates the microRNA miR451 that specifically targets
14-3-3ζ and as a result, increases 14-3-3ζ expression. In this report, the levels of 14-3-3ζ and
miR-451 were found to inversely correlate in tamoxifen-resistant breast cancer cells and
increased expression of miR-451 could re-sensitize cells to tamoxifen. Down-regulation of
14-3-3ζ by siRNA treatment has also been shown to increase the sensitivity of head and
neck cancers, lung carcinomas, and diffuse large B cell lymphomas to apoptosis-inducing
agents [51-53]. Taken together, these findings indicate the need for developing clinical tests
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that assay the expression of 14-3-3 family members in multiple tumor types and suggest that
monitoring 14-3-3 levels during cancer treatment may be of importance.

6. Concluding comments
Research in the last few years has revealed exciting advances that further elucidate the vast
role of 14-3-3 proteins in cell signaling. These studies have identified new 14-3-3 binding
partners and led to the discovery of a new mechanism for modulating 14-3-3 binding
interactions that involves arginine methylation. In addition, PKD has emerged as another
protein kinase that serves an important function in generating 14-3-3 binding sites on critical
targets, including proteins involved in regulating cell migration and EMT. In the future, it is
likely that more binding partners will be uncovered and that the involvement of 14-3-3 in
vital cellular processes will expand. Moreover, as the analysis of patient tumors continues, it
is likely that additional information will be learned regarding the involvement of various
14-3-3 proteins in cancer progression and whether their presence will guide treatment
options. Also on the horizon is the pursuit of small molecule inhibitors that target either
global or specific 14-3-3 interactions. Such reagents will undoubtedly further our
understanding of 14-3-3 function and may prove useful in the design of new therapeutic
treatments.
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RTK receptor tyrosine kinase

EMT epithelial-to-mesenchymal transition

pS/T phosphoserine/phosphothreonine

PP2A protein phosphatase 2A

SCF Skp1/Cul-1/F-box

CDK cyclin-dependent kinase

SSH1L slingshot 1-like

F-actin filamentous actin

NPH nephrophthisis

NPHP nephrophthisis protein

TβRI TGFβ receptor I

DCIS ductal carcinoma in situ

IBC invasive breast cancer
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Highlights

• Function and regulation of 14-3-3 binding interactions in RTK/Ras signaling

• New regulators of 14-3-3 binding interactions in the Hippo pathway

• 14-3-3 and cell migration: role in regulating the actin cytoskeleton

• 14-3-3 and EMT: implications for cancer progression

• 14-3-3 proteins: clinical significance in human cancer
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Fig. 1.
The function of 14-3-3 in Raf kinase regulation. (A) In resting cells, a 14-3-3 dimer binds to
phosphorylation sites found in the Raf N- and C-terminal regions, maintaining Raf in an
inactive state in the cytosol. (B) In response to proliferative signals, 14-3-3 binding to the
Raf C-terminal sites facilitates Raf dimerization in a Ras-dependent manner. (C) The N-
terminal, negative regulatory 14-3-3 binding motif of C-Raf is frequently mutated in Noonan
and LEOPARD syndromes. All mutationally-activated Raf proteins dimerize constitutively
in a manner dependent on the Raf C-terminal 14-3-3 binding site.
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Fig. 2.
14-3-3 negatively regulates Hippo pathway signaling. (A) In the canonical Hippo pathway,
Lats generates a phosphorylation-dependent 14-3-3 binding site on YAP/TAZ under
conditions of high cell density. The binding of 14-3-3 sequesters YAP/TAZ in the cytosol.
NPHP4 can complete with YAP/TAZ for Lats binding, thus blocking Lats-mediated
phosphorylation of YAP/TAZ and 14-3-3 binding. (B) In non-canonical Hippo signaling, α-
catenin forms a complex with 14-3-3-bound YAP under high cell density, thus stabilizing
the 14-3-3/YAP interaction. Under low cell density conditions, PP2A dephosphorylates the
14-3-3 docking site on YAP, resulting in its nuclear import.
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Fig. 3.
14-3-3 interacts with proteins involved in actin remodeling. PKD phosphorylates SSH1L
and cortactin, whereas Par1b and unknown kinase(s) phosphorylate IRSp53 to generate
14-3-3 binding motifs. 14-3-3 binding inhibits the function of these actin regulatory
proteins.
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Fig. 4.
Involvement of 14-3-3 in EMT. (A) 14-3-3 binding to the TGFβ receptor I (TβR1) prevents
TβR1 ubiquitination and degradation, thus increasing TGF/SMAD signaling. Elevated TGF/
SMAD signaling upregulates the transcriptional repressor ZFHX1B, which in turn
downregulates E-cadherin expression. (B) Binding of 14-3-3 to the EMT regulator Snail at
pT177 positively regulates Snail/Ajuda repressor complexes, thus downregulating E-
cadherin expression. (C) PKD-mediated phosphorylation of S11 negatively regulates Snail
function by sequestering Snail in the cytosol through 14-3-3 binding.
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